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ABSTRACT 

A study of the  e f f e c t  of x-axis accelerations on the human body i n  

r e l a t ion  t o  the  arterial  blood oxygen sa tura t ion  as measured with the ear 

oximetry technique is  reported. Preliminary observations as t o  the e f f e c t  

of EBO (-+), EBI (+&), and EBL (xjr) accelerations on venous blood pressure 

ins ide  the  thoracic  cavi ty  near the  r i g h t  atrium, and a r t e r i a l  blood pressure 

per ipheral ly  are a l so  presented. 
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INTRODUCTION 

Responses i n  the  cardiovascular system t o  sustained acceleration stress 

applied t o  the  h m n  body a t  a r ight  angle t o  t h e  spinal  ax i s  and along the 

x-axis of t h e  body are not remrkable when one considers only the ar ter ia l  

blood pressure and hear t  rate changes. 

venous blood pressure,  a r t e r i a l  blood oxygen saturation, and cardiac rhythm, 

then there  are som remrkable  changes which d i f f e r  according t o  how the 

accelerat ion force i s  applied,  i . e . ,  EBO (-Gx) or EBI (+Gx) (ref.  1). 

ar ter ia l  blood oxygen saturat ion,  however, i s  as much a measure of the 

pulmonary system eff ic iency under these s t r e s ses  as it i s  an indication of 

t h e  s t a t u s  of t he  cardiovascular system. 

When one considers t he  r i g h t  a t r ia l  

The 

Reference 2 reported evidence obtained by chest x-rays t h a t  there  were 

marked s h i f t s  i n  the d is t r ibu t ion  of blood i n  the pulmonary circulat ion during 

EBI (&x) accelerat ions.  

pulmonary c i rcu la t ion  during EBI  (+Gx) acceleration and ascr ibes  the  cause t o  

c i rcu la tory  congestion with alveolar collapse or a t e l e c t a s i s .  

Reference 3 similar ly  reports  shunt e f f e c t s  i n  the 

References 4 

and ,5 p n i ~ t e d  n ~ t .  t . . h ~ t .  t.he n lven la r  vent i la t ion  i s  reduced during EBI (+Gx) 

accelerat ion and e s s e n t i a l l y  normal during EBO (-Gx) acceleration. 



In thc l i g h t  or  the cvidence ol' pulmonary circulat ion changes and the 

dirninishcd alveolar vent i la t ion,  it i s  not surprising t h a t  there i s  an 

arterial oxygen desaturation during EBI (+Gx) a c ~ e l e r a t i o n . ~ , ~ ~ ~ j ~ ~ ~  

Since the alveolar vcntilation has been sham t o  be normal during EBO (-Gx) 

accelcration,4 it w a s  rcasonablc t o  assume t h a t  the a r t e r i a l  oxygen saturation 

would a l s o  remain normal. Some prcliminary data substantiating t h i s  viewpoint 

arc reported i n  referencc 5 .  

Lindberg, e t  al.,Bl'ound a str iking increase i n  r igh t  a t r ia l  pressure i n  

subjects during EBI (+Gx) acceleration. 

greater  with u grcatcr  nlugnitudc of ucccleration and a t  5 g reached a value 

fou r  times that l'ourd a t  1 G .  

during EBO (-Gx) and El31 (+G,) accelerations.  

causes f o r  the increase i n  r i g h t  a t r ia l  pressure during El31 acceleration ( tha t  

of' an increased blood volume i n  the thorax together with the compression of the 

thorax and decreased rcspiratory excursions of the thorax and diaphragm) do not 

appear during EBO accelcration, venous pressure should increase very l i t t l e .  

The increasc i n  a t r ia l  pressure became 

Again thc r igh t  a t r i a l  pressures were compared 

It was felt t h a t  since the 

It was of addi t ional  i n t e r e s t  t o  explore by means of a few preliminary 

t e s t s  the e f f e c t s  of lateral  acceleration (y-axis) on the blood oxygen saturat ion 

as well as venous pressures. 

"he e f f e c t s  of transverse acceleration on cardiac rhythm has been previously 

described i n  rererence 5 .  

METHODS 

The blood oxygen saturat ion during transverse acceleration i s  measured with 

t h e  sam degree of accuracy by means of the ear oximeter as it i s  with the  
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cuvette method.* 

I n  t h i s  study the housing of the ear oximeter device was modified so t h a t  it 

could be used under the  dynamic conditions of acceleration. Calibrations were 

car r ied  out p r io r  t o  each run on the centrifuge and the  r e s u l t s  were recorded 

on an 8 channel Brush recorder i n  terms of percent saturation. 

The technique used f o r  both methods i s  described i n  reference 9 .  

To measure the venous pressures a No. 50 polyethylene catheter was introduced 

i n t o  the b a s i l i c  vein a t  t he  elbow of t he  r i g h t  a r m  and passed toward the heart  

u n t i l  i t s  t i p  w a s  i n  the superior vena cava ju s t  outside the  r i g h t  atrium. A 

Statham pressure transducer w a s  attached t o  t h i s  catheter and located a t  the 

l e v e l  of t he  superior vena cava so t h a t  no hydrostatic head exis ted.  The trans- 

ducer w a s  cal ibrated with the recorder t o  indicate venous pressures i n  m i l l i -  

meters of Mercury. 

b a s i l i c  vein of t he  par t icu lar  subject chosen fo r  the l a t e r a l  acceleration runs, 

so  the  l e f t  b a s i l i c  vein w a s  entered instead, and the t i p  of t he  catheter res ted 

i n  t h e  l e f t  innominate vein. 

It w a s  not possible t o  introduce the catheter i n  the r i g h t  

A r t e r i a l  blood pressures were recorded by means of an autosphygmomanometer 

device.I0 A photocell device attached t o  the ear was used t o  measure r e l a t ive  

changes i n  ar ter ia l  systol ic  blood pressure i n  l i e u  of the ear oximeter device 

during the l a t e r a l  acceleration runs. 

The t e s t s  were conducted on the University of Southern California h m n  

centrifuge equipped with a two-position support, the p i l o t  r e s t r a i n t  system of 

reference 11 and the physiological instrumentation system of reference 12 ( f i g .  1). 

*Based on a private communication from D r .  E .  H .  Wood, Dept. of Physiology, 

Mayo Foundation. 
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The length of the data runs ( f rom 1.0 t o  1.5 minutes) w a s  dependent on an assess- 

ment of the data as it appeared on the recorder a t  the operator's s t a t ion .  

Vectorcardiograph studies were mde using a special  vectorcardiograph 

computer and a Sanborn recorder. This computer was constructed by the 

Stanford Research Ins t i t u t e  under NASA Contract ms2-526. 

w i l l  be the subject of a separate publication. 

The data obtained 

A t o t a l  of 8 subjects was used i n  t h i s  study: 6 were qualified t e s t  p i lo t s ;  

the other two, used primarily f o r  the venous blood pressure studies,  were 

medical student s . 

RESULTS AND DISCUSSION 

Oxime t r y  

The r e su l t s  of the  oximetry studies under EBI (+%) accelerations ver i f ied  

the findings of previous investigations.  

small increments of desaturation were demonstrated. 

the oxygen saturation decreased from a r o m a  96 percent a t  the onset of 

acceleration t o  afi low as 71 percent a f t e r  70 seconds a t  maximum acceleration. 

Table I i l l u s t r a t e s  the ranges of desaturation i n  the 8 subjects fo r  both 

EBI (+) and EBO (-Gx) acceleration. During EBO (-Gx) acceleration the a r t e r i a l  

blood oxygen saturat ion increased in  two subjects, probably because of a tendency 

t o  hyperventilate mildly during EBO (-Gx) acceleration. 

A t  the 4 g l eve l  EBI (Gx) only 

However, a t  6 g ED1 (+Gx) 

It should be mentioned that quite frequently the chest support of the anter ior  

r e s t r a i n t  ( r e f .  11) i s  fastened too t i g h t l y  over the subject. 

r e s t r i c t i o n  of the thoracic cage and a diminished v i t a l  capacity and t i da l  volurne 

even at 1 g. 

Th i s  causes a 

A s  a r e s u l t  during EBO (-Gx) acceleration a mild a r t e r i a l  blood 
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oxygen desaturation could and d id  take place. This can be avoided through more 

carefu l  f i t t i n g  and adjustment of t h e  an ter ior  support of the r e s t r a i n t  system. 

Figure Z i s  a time h is tory  of subject 5. E. showing the  ar ter ia l  blood 

oxygen sa tura t ion  during runs of 6 g EBO ( -Gx) and 6 g EBI (+&). 

Venous Blood Pressure 

Because of the l imited number of subjects avai lable  f o r  the  venous 

pressure s tudies  under EBO ( -Gx) and EBI (+) (2  subjec ts )  only preliminary 

data  can be submitted, and because of d i f f i c u l t y  i n  entering the r igh t  b a s i l i c  

vein of one subject,  only data from one subject  is submitted. The subject D. W. 

had the catheter  inser ted i n  the l e f t  b a s i l i c  vein with i ts  t i p  located i n  the 

l e f t  innominate vein. The location of the catheter  t i p  i n  subject  S. R. w a s  

such t h a t  no var ia t ion  i n  the  1 g venous pressure was found t o  occur when 

h i s  pos i t ion  w a s  changed from 1 g normal t o  1 g EBO (-&) and 1 g EBI (+Gx). 

Figure 3 is a time h is tory  of the  venous blood pressure measured with the  

ca the te r  t i p  i n  the  superior vena cava j u s t  outside the  r igh t  atrium of the 

hear t  i n  subject  S. R. 

( 5  mm of Hg) increase i n  venous pressure as compared t o  1 g. 

EBI (+Gx)  increases of approximately 20 mm are shown over the 1 g level .  

marked elevation i n  the  SVC pressure j u s t  before the  onset of acceleration for  

t h e  6 g EBO (-&) run w a s  caused by an inadvertent Valsalva maneuver by the 

subject .  

A t  4 and 6 g EBO ( -&) there  is  only a s l i g h t  

During 4 and 6 g 

The 

It is admittedly hazardous t o  venture an opinion from the  r e su l t s  of a 

s i n g l e  series of EBO and EBI runs using j u s t  one subject.  Further investigations 

are needed t o  determine the  e f f e c t  of these two d i f f e ren t ly  applied transverse 

accelerat ions on various blood pressures a t  o r  near the  r i g h t  atrium, but  it 

is  in te res t ing ,  however, t o  note the t rend i n  t h i s  one subject.  
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Lateral  Acceleration Studies 

A s  previously s ta ted  the photocell ear  pulse device was substi tuted 

for  the ear oximeter during the l a t e r a l  acceleration studies on subject D. W. 

This device demonstrated the usual r i s e  i n  a r t e r i a l  pressure during trans- 

versely applied accelerations along the x-axis of the  body. These changes as 

measured by t h i s  device a re  expressed a s  r e l a t ive  increases i n  blood pressure 

since it i s  not possible a t  t h i s  time t o  cal ibrate  the device fo r  absolute 

values. Figure 4 i s  a time history of the acceleration and the changes i n  

r e l a t ive  a r t e r i a l  sys to l ic  blood pressure measured i n  mm of Hg during a 

4 g EBL (+cy) run. Figure 5 i s  a time his tory of the venous blood pressure 

i n  the sam subject measured w i t h  the catheter t i p  i n  the l e f t  innominate vein 

during 2, 3, and 4 g EBL runs. 

Remarkable changes i n  both systol ic  a r t e r i a l  pressure and venous pressure 

a re  demonstrated i n  the subject during the 4 g EBL (+Gy) acceleration. 

These changes demonstrate the extreme sens i t i v i ty  of the cardiovascuhr system 

t o  l a t e r a l  accelerations and the possible detrimental e f f ec t s .  

There has always been abundant evidence that the cardiovascular system 

w i t h  i ts  f l u i d  medium is extremely vulnerable t o  the increased forces of 

gravi ty  during sustained moderately high acceleration s t r e s s .  The effect ive 

remedy fo r  t h i s  vulnerabi l i ty  w a s  considered t o  be the proper orientation of 

the body i n  the acceleration f i e l d ,  and the r i s e  i n  a r t e r i a l  blood pressure, 

which i s  seen when the body i s  oriented wi th  i t s  x-axis i n  the direction 

of t he  i n e r t i a l  forces,  would suggest that t h i s  or ientat ion i s  advisable. 

L i t t l e  consideration, however, has been given t o  the  poss ib i l i ty  of detrimental 

e f f e c t s  of th i s  or ientat ion on both cardiac rhythm and venous pressures 
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i f  the direct ion of the application of these forces i s  not considered adequately. 

That FBI (+) acceleration causes increases i n  intrathoracic and r igh t  a t r i a l  

pressures has been amply shown. That EBO or (-Gx) acceleration does not cause 

th i s  same increase i n  venous pressure is  suggested by the one subject reported 

i n  t h i s  study. 

during exposure t o  EBI (+) and rare during EBO (-Gx) acceleration would a l so  

indicate the necessity for qualifying the direct ion of the x-axis tolerance t o  

accelerat ion more spec i f ica l ly  ( r e f .  1) . 

The fac t  t h a t  p remture  ventricular contractions a re  frequent 

l a t e r a l  accelerations,  i . e . ,  those applied transversely t o  the spinal  

ax is  of the body along the y-axis, apparently cause marked a l t e r a t ions  which 

a re  detrimental t o  both a r t e r i a l  and venous pressures. This type of applied 

accelerat ion should receive more thorough investigation i n  the future .  

SUMMARY AND CONCLUSIONS 

Cardiovascular f'unction during acceleration applied transversely t o  the 

sp ina l  ax is  of the body var ies  according t o  the direct ion of the application 

of t h e  i n e r t i a l  forces .  It i s  quite well  established t h a t  the a r t e r i a l  blood 

oxygen saturat ion i s  diminished markedly during EBI ( +Gx) accelerations.  

w i s e ,  it i s  apparent t ha t  the  venous blood pressure i n  the thorax a t  the l eve l  

of t he  superior vena cava and the r igh t  atrium i s  elevated about 20 mm of Hg 

Like- 

over that found a t  1 g when the individual is  subjected t o  4 t o  6 g 

EBI (+&) acceleration. 

va r i e ty ,  the a r t e r i a l  blood oxygen saturat ion i s  not abnormal and the venous 

pressures on the superior vena cava and r igh t  atrium a re  not elevated. 

When the  acceleration s t r e s s  i s  of the EBO (-Gx) 
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Lateral  accelerations of t h e  EBL (+Gy) variety probably cause a decrease 

i n  the  arterial as well  as the  venous blood pressure.  

Cardiac rhythm i r r e g u l a r i t i e s  i n  t h e  form of premture contractions, of ten 

originating i n  the ven t r i c l e ,  are more frequently the  r e s u l t  of EBI (+Gx) 

acceleration and are r a r e l y  seen during EBO (-&) accelerations.  
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TABU I. - ARTERIAL BLOOD OXYGEN SATURATION DATA ON 8 SUBJECTS 

AT 1 g AND 6 g EBO (-Gx) AND EBI (+Gx) 

Subject 

J .E .  

G.H. 

G.N. 

S.R. 

R. I. 

D.W. 

Re G. 

G.S. 

Blood O2 percent 
saturation at 1 g 

94.5 

96.0 

96.0 

95.5 

96.0 

98.0 

99.0 

96.0 

Blood O2 percent saturation at 6 g 

EBO 

93 

86 

88 

100 

100 

99.5 

87.0 

97.5 

EBI 

74 

77 

7 1  

81.5 

91.5 

86.5 

81.5 

79.0 
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Figure 1.- Subject i n  r e s t r a i n t  systemcprlcA Lu &+E . C .I ?- . 

N A T I O N A L  AERONAUTICS A N D  SPACE A D M l N l S l R A T l O N  
A M E S  RESEARCH CENTER. MOFFETT FIELD, CALIFORNIA 



0 
8 - 
'\ 

- 
a i  
w l  
O/  

/ 

I 
f 

/ 
I 

I 
/ 

/ 
I 

I 
I 

0 
1 
b 

I 
1 

I I 
I I 1 

I 
I 
I 
I 
I 

I L  I I I 

I I 



0, 

2 

E 
0 

t 
0 

W 
E 

I- 
.- 

1 
- 
m 
W 

CT 
d- 

0 0 cu 0 
d- 

0 
w 

0 
N 

0 
CD - 

0 
d- - 

0 
cu - 

0 
0 

u) 
-0 c 
0 
0 

0 :  
a c  .- 

.- E 
I- 

O co 

0 e 

0 cu 

0 



0 
2 

0 
00 

0 
W 

I I I I 
o a w  cu 
(D 

0 
d 
I 

0 
(\I - 

0 
2 

0 
00 

v) o u  w c  
0 
0 
a, 
v) 

c .- 

0 ;  e .- 
I- 

% 

0 

0 
N 

I 

0 
w 
I 



I 
c 

- T 

I 
Q) 
0 
0 
(3 

c 
0 

.- E 
I- 

0 
- 2  

0 
- $  

0 
- N  - 

0 
- 2  

u) 
-0 
c 
0 
0 
Q) 

o w  
(33 .c 

E 
i= 

Q) 

0 
W 

0 * 

0 
- ( u  

- 0  


